Stoichiometric antimony selenide (Sb 2 Se 3 ) nanocrystals have been successfully engineered by a facile physical vapor deposition method, employing a single precursor of polycrystalline Sb 2 Se 3 charge in a closed quartz ampoule under high vacuum without any foreign seed or extraneous chemical elements. This work underscores the efficacy of the vapor deposition process and provides synthetic strategies to scale down bulk Sb 2 Se 3 into novel nanostructures. The morphological evolution of the tailored architecture was examined on micro and nano size scales by scanning electron microscopy and high-resolution transmission electron microscopy. The intrinsic mechanism governing the nanostructure formation is revealed as layer-by-layer growth, related to the unique layered structure of Sb 2 Se 3 . The optical properties of the grown crystals were probed by UV-vis-NIR and photoluminescence tools. The band-gap values of the microfibers, nanorods, nanooctahedra and nanospheres estimated from UV-vis-NIR analysis are found to be 1.25, 1.47, 1.51 and 1.75 eV, respectively. Powder X-ray diffraction, energy-dispersive analysis by X-rays, X-ray photoelectron spectroscopy, Raman spectroscopy and photoluminescence studies confirmed the quality, phase purity and homogeneity of the as-grown nanostructures. The adopted physical vapor deposition method is thus shown to be a simple and elegant route which resulted in the enhancement of the band gap for the Sb 2 Se 3 samples compared with their counterparts grown by chemical methods. This approach has great potential for further applications in optoelectronics.
Introduction
The tremendous advances in nanoscience have stimulated theoretical and experimental research on specific properties of compounds whose behavior can be exploited through precise control of synthesis procedures (Kong et al., 2010; Huang et al., 2015) . The exploration of photovoltaic (PV) technology needs special attention because of worldwide energy needs and environmental problems (Liu et al., 2014; Ngo et al., 2014) . Development of nanoscale inorganic crystals with controlled hierarchical architecture has attracted intensive research interest because they are potential building blocks for the fabrication of PV devices with designed functions.
Since their inception, layered chalcogenide materials (LCMs) have garnered ever-increasing scientific interest owing to their immense potential in technologically important device applications (Tang et al., 2013; Guijarro et al., 2012) . Melt-grown bulk (3D) layered semiconducting crystals displaying electronic or optoelectronic properties on the cleaved surfaces were intensely studied by El-Salam et al. (1993) , but additional chemical modification or polishing was needed to improve the material traits. Single-crystalline nanostructures offer an attractive alternative system. As the sample size scales down, the contribution of surface states to electrical and optical properties is enhanced because of the increase in surface-to-volume ratio. Group V-VI binary pnictogens undergo a transition from amorphous to crystalline, such that typical layered crystalline structures are quite feasible under controlled experimental environments, and this fact has triggered significant research to investigate their device performance (Platakis & Gatos, 1972; Malligavathy et al., 2015) .
Of the various LCMs, Sb 2 Se 3 compounds have attracted widespread attention, as they have been used in pioneering next-generation electronic devices with enhanced performance at the nanoscale (Mehta et al., 2010; Muralikrishna et al., 2014) . Sb 2 Se 3 has a layered structure and is a promising material for photovoltaic applications, because of its high stability and unique transport characteristics (Messina et al., 2009; Ferná ndez & Merino, 2000) . The strong intra-layer bonding gives structural, electrical and optical properties that are highly anisotropic. In addition, the weak interlayer van der Waals interaction between adjacent layers leads to monolayer structures or to structures containing only a few multilayers. Unlike graphene, there is a special complement to layered Sb 2 Se 3 , as it possesses a size-dependent band gap in the range of 1-2 eV, which is a notable attribute for solar cells (Vadapoo et al., 2011) .
Currently, it is necessary to use nanocrystallization, a novel materials engineering process, to design structures that will generate polyhedral morphologies according to the well known self-confinement principle for crystal growth. Sb 2 Se 3 is highly attractive, as it can be tailored to exhibit diverse crystalline habits. But controlled growth of crystals is crucial to obtain the desired characteristics of nanomaterials. As a result of the unique features associated with layered nanostructures, countless efforts have been devoted to the synthesis of 1D Sb 2 Se 3 structures. These include nanoribbons, nanowires and nanotubes produced by the hydrothermal process, the vaporliquid-solid technique and microwave irradiation, which needs an additional protecting agent to obtain controlled morphology and dimensions (Yang et al., 2009; Yu et al., 2006; Chen et al., 2016; Chang et al., 2007; Yin & Wang, 2016) . In addition, an attempt to use chemical vapor deposition (CVD) was reported (Benjamin et al., 2015) but this failed to produce physically distinct Sb 2 Se 3 nanorods and nanospheres with crystalline quality. Though CVD is an effective approach to prepare coatings of inorganic or organic semiconducting compounds, it is a complicated phenomenon comprising gascarrier-assisted reactions with process parameters like temperature, precursor concentration and heating mode (Yang et al., 2009; Rodriguez Lazcano et al., 1999) . Hence, the Sb 2 Se 3 nanostructures synthesized by CVD deteriorate the material quality and adversely affect the physical properties owing to the presence of foreign elements. The fabrication of nanomaterials with a nearly perfect crystal structure and exploitation of their possible growth mechanism thus poses a difficult challenge.
On the other hand, the physical vapor deposition (PVD) process is favorable as it offers relatively simpler and economically more viable instrumentation than CVD to prepare and fine-tune the characteristics of stoichiometric nanoforms with very high quality devoid of polymorphism. The PVD method allows the evolution of various habits under high vacuum if the protocols of processing are critically controlled in a growth chamber. Despite the fact that research has been published on samples prepared by other techniques, a cost-effective approach by PVD for harvesting stoichiometric microfibers, nanorods, nanooctahedra and nanospheres of Sb 2 Se 3 , which enable versatile optical properties, has not been developed so far. Reports pertaining to the optical characterization of nanostructured chalcogenide Sb 2 Se 3 are difficult to find and the data regarding band gap are ambiguous. Hence, we report the deposition of Sb 2 Se 3 nanostructures by the direct PVD method, limiting the mass transfer of the diffused vapor species, and eliminating the stringent conditions and contaminations imposed by chemical methods. This bottom-up paradigm is pursued, as it has many advantages for shape engineering of low-dimensional crystalline materials, without the need for seed or foreign reactants, so as to obtain unique physical characteristics. A possible growth mechanism to explain the production of Sb 2 Se 3 nanocrystals is proposed and discussed.
Experimental

Synthesis process
Of the different endeavors toward the production of lowdimensional samples, fine-tuning the crystal morphology and structure has been one of the most important steps for tailoring their properties. In this regard, we report PVD as a cost-effective means to obtain high-quality stoichiometric Sb 2 Se 3 nanomaterials. The nanostructures are deposited on the internal surface of a specially designed quartz ampoule (15 Â 17 mm diameter) under high vacuum using a goodquality single precursor, which eliminates problems associated with small-scale defects. The hallmark of PVD is that it yields diverse habits of Sb 2 Se 3 with phase-pure and novel as-grown surfaces, in contrast to their cleaved bulk counterparts which have mechanically induced deformations. The versatility of this methodology was exploited by employing an in-housedesigned dual-zone furnace. An engineering mechanism was proposed for the preparation of Sb 2 Se 3 nanostructures using this one-step growth process, which improved their band gap at room temperature. Prior to growth, the inner walls of the quartz ampoule were thoroughly cleaned to remove external materials, employing soap water, H 2 SO 4 and deionized water, followed by ultrasonic waves as discussed by Reshmi et al. (2011) . Furthermore, ultrafine cleaning was implemented in order to remove fine impurity deposits by subjecting the ampoule to nitrogen plasma. The ampoule containing powdered chemically homogeneous Sb 2 Se 3 was evacuated and sealed under very low pressure ($10 À6 mbar; 1 mbar = 100 Pa) to enhance the mean-free path as well as the transport of nutrient vapors towards the substrate. The thin layer of molecules forming the surface of the substrate was atomically cleaned by setting the temperature higher than the melting point of the Sb 2 Se 3 precursor. Crystal growth was performed with the aid of a horizontal furnace integrated with a programmable temperature controller, and the vapor deposition was facilitated by the mass transfer or concentration gradient. Since the particles undergo diffusion from high to low temperature, the temperature difference between the nutrient (T N ) and substrate (T S ) zones, ÁT (= T N À T S ), was precisely recorded and stabilized using chromel-alumel thermocouples and solid-state relays.
Experimental tools
The as-grown surfaces were probed using several tools, as no single experimental approach could encompass the complexity inherent in revealing the characteristics beneficial for device applications. The chemical composition of the prepared samples was examined by energy-dispersive analysis by X-rays (EDAX). The structure of Sb 2 Se 3 samples was investigated by powder X-ray diffraction (PXRD) with Cu K radiation (Bruker AXS D8 Advance) over the 2 range 5-60 , within the error AE0.01
. The crystalline quality, structure and molecular vibrational spectra were analyzed with a LabRAM HR (UV) system, which is a state-of-the-art Raman/photoluminescence spectrometer, and a 325 nm laser source using a CCD detector. A selected-area electron diffraction (SAED) pattern was indexed to verify the single-crystalline nature of the as-grown specimens. Shape evolution and surface topography were analyzed by scanning electron microscopy (SEM) (JEOL model JSM-6390LV) and high-resolution transmission electron microscopy (JEOL/JEM 2100). The diffraction spots in the SAED pattern were identified using the IMAGEJ software (https://imagej.nih.gov/ij/). Spectroscopic studies of the prepared samples were carried out with the aid of X-ray photoelectron spectroscopy (XPS) using monochromatic Al K (1486 eV) excitation (Kratos AXIS Ultra DLD). The photoluminescence (PL) spectrum of the samples was recorded using a Fluorolog-3 spectrometer. Optical transmittance and absorption measurements of the deposited nanohabits were performed at normal incidence in the wavelength range 200-2000 nm, utilizing a UV-vis-NIR spectrophotometer (Varian, Cary 5000). The optical parameters were computed with a wavelength accuracy of AE0.1 and AE0.4 nm in the UV-vis and NIR ranges, respectively.
Results and discussion
Bulk crystallization involves the birth of a nucleus and subsequent development of a periodic solid due to a driving force (supercooling in melt growth and supersaturation in solution/vapor growth) causing the system to evolve from its equilibrium. The morphology of a crystal governs the physical properties and is determined by the inherent crystal structure and growth conditions (Sunagawa, 2005) . Therefore, the correlations between these internal and external factors have been explored by engineering stoichiometric Sb 2 Se 3 crystals by vapor deposition technology as described above. The PVD furnace is depicted in Fig. 1(a) . Fig. 1(b) illustrates the nucleation kinetics governed by the total free-energy contributions.
Since the vapor-growth process is dominated by mass transfer, precautionary measures were taken to scale down the condensed Sb 2 Se 3 from micro-to nanocrystallization (Table 1) , critically fine-tuning the experimental protocols so as to limit the concentration gradient and thereby attenuate the particle flow from the high-to low-temperature zone. Teena & Kunjomana (2018) have discussed the pathways for the evolution of polycrystalline morphology with respect to harvesting bulk indium monoselenide (InSe) morphologies such as needles, platelets and spherulites with a progressive increase in mass transfer, but the growth kinetics of nanohabits were not explored. In the present work, to obtain novel optical characteristics, we focus on nanocrystallization by reducing ÁT from 130 to 60 K, keeping the extrinsic variables T N and T G constant using temperature controllers with AE1 K precision, such that the diffusion of vapors from the nutrient phase was controlled by limiting the degree of concentration gradient. The non-equilibrium state caused by the excess of pressure (p) in the substrate zone, p, over the equilibrium vapor pressure, p e [supersaturation, S = ðp À p e Þ=p e ], led to the development of clumps of Sb 2 Se 3 fibers of a few millimetres length ($10 mm) with 1-2 mm 2 cross section, corresponding to ÁT = 130 K [ Fig. 1(c)] . A similar kind of microfiber was observed in physical-vapor-deposited InSe crystals (Teena & Kunjomana, 2018) . The particular feature of interest of the asgrown Sb 2 Se 3 fibers is impeded growth with fast crystallization along the c axis, inhibiting growth along the other two directions because the side faces are of low energy, exhibiting a stable configuration. The rough interface commonly contains a larger number of kinks than the smooth interface and hence causes surface irregularities with non-uniformity in chemical composition. In the present work, the formation of goodquality fibers implies that the proposed growth mechanism of Sb 2 Se 3 follows the advancement of the atomically smooth vapor (V)-solid () interface with an accompanying change in energy (from G V to G ). The nucleation stage is complete once the embryo attains a critical size (r*), and the commencement of the growth stages purely depends on the decrease in free energy between the two phases, as shown in Fig. 1(b) . Owing to the periodic incorporation of the constituent building units, the growth of faces was completed as per Fig. 1(d) ] evolve parallel to the rod axis of the bulk crystals. When the sides with high atomic density that bind the fibers have already achieved a decrease in the latent heat of crystallization, the degree of disorder of atoms will be reduced by the addition of atoms to kinks at the tip, overcoming the activation energy barrier (ÁG*). The probability of capturing atoms at the kink sites is higher than that at the surface terrace in accordance with the formulations of the KSV model, and the subsequent growth was facilitated by layer-by-layer addition with the aid of two-dimensional nucleation by eliminating high-energy surfaces (Kunjomana et al., 2015) . The microcrystals were grown in bundles as a result of multiple nucleations, which arose from the perturbation of vapor flow at enhanced nutrient temperature, T N . Hence, the deposition conditions can be intentionally tailored to yield nanostructures. When T N was decreased from 963 to 953 K, nanorods were formed [ Fig. 1(e was less than that reported by Ma et al. (2009 (Tideswell et al., 1957) , consisting of atomic layers stacked in the order Se-Sb-Se-Sb-Se-Se-Sb-Se-Sb-Se. This is analogous to the intrinsic mechanism proposed by Zhao et al. (2007) . In agreement with their research findings, during the process of nucleation and growth, the crystallization rate is faster along the c axis than the other two axes. The structure comprises Sb and Se atomic chains parallel to the c axis, which is the rod axis of the present as-grown nanorods, as reported by Tideswell et al. (1957) . The strongest bonds are within the chains, wherein the Sb-Se distance ranges from 2.576 to 2.777 Å . The chemical bonding between Se-Se layers is provided by weak van der Waals forces, and the layer separation is 2.98 Å . The appearance of steps and kinks [marked in Fig. 2(a) ] is similar to that of microfibers [ Fig. 1(d) ]. The enhanced stacking of atomic layers at the tip under optimized supersaturation (S) facilitated space filling so as to form a uniform rod [ Fig. 2(b) ], which provides the basis for a layer-growth mechanism based on the KSV theory of nearly perfect crystals. There are no signs of growth features such as twisted or ramped atomic steps, helical patterns or spirals, hillocks etc., which establishes the absence of a screw dislocation mechanism. A high-resolution transmission electron microscopy (HRTEM) image and SAED pattern of the region marked in Fig. 2(b) are displayed in Figs. 2(c) and 2(d). Fig. 2(c) visualizes the layers of the nanorod with spacing 0.826 nm, which is a value close to the interplanar distance of the (110) planes of Sb 2 Se 3 . Crystal periodicity leads to diffraction spots as manifested by the reciprocal lattice points of the image [ Fig. 2(d)] . A further decrease in T N yields nanooctahedra and nearly spherical nanostructures (NS) as schematized in Figs. 1( f) and 1(g). Xia et al. (2009) have reviewed the chemical reduction route for the preparation of octahedra with citric acid as a reducing agent and capping agent at a high concentration of Pd precursor, for which the shape is analogous to that depicted in Fig. 1( f ) . Nanocrystallization with polyhedral morphology was thermodynamically facilitated by the kinetic factor Gibbs free energy as a function of ÁT, according to the expression (Teena & Kunjomana, 2018; Pamplin, 1975) 
The degree of driving force (supersaturation) plays a significant role in governing the nanostructure habit evolution, as it depends on the difference in chemical potential of nutrient and solid phases in the form Á = N À S . This can also be expressed by
where p e , k and T are the equilibrium vapor pressure, the Boltzmann constant and the absolute temperature. When ÁT was reduced to 60 K, the mass transfer was restricted, facilitating a decrease in Á proportionate to the concentration gradient. Hence, nanospheres were formed with minimal change in free energy, compared to other geometrical shapes (Teena & Kunjomana, 2018; Sunagawa, 2005) . The typical equilibrium morphology was thus determined by the restricted mass transfer from the host stoichiometric charge with a decrease in T N (903 K). Sb 2 Se 3 crystals were grown as a result of a vapor-solid transition in concurrence with the KSV model. A similar growth mechanism was reported by Yin & Wang (2016) for the largescale production of ZnO nanowires having hexagonal structures under argon atmosphere, employing high system temperature. Though that study concerns kinetic control of growth over polycrystalline alumina substrates, the evolution of nanospheres was not precisely discussed. The vapor-solid approach for the fabrication of fewlayer graphene on carbon nanotubes and Si wafers without the use of a catalyst was reported by Deng et al. (2012) . In that case, the growth mechanism was guided by the nucleation of small-scale point defects and subsequent formation of large-scale linear defects. In contrast, the predominant shape of PVD-grown Sb 2 Se 3 crystals was achieved by enhancing the vacuum of the growth chamber, critically controlling the population of adatoms to be deposited on the substrate and optimizing the mass transfer operations, without the use of foreign precursors or seeds, and hence the process is unlikely to introduce any imperfections into the crystal structure. The externally applied thermal parameters such as the temperatures T N and T G were precisely controlled to favor the right thermodynamic conditions for the vapor growth of crystals. Purity, homogeneity and phase stability are the paramount factors desirable for the preparation of compounds with suitable device characteristics, as non-stoichiometry influences their physical properties. A binary compound is assumed to be stoichiometric when the atomic constituents are present in the ratio 1:1, 1:2, 2:3, 3:7 etc. (Ajayakumar & Kunjomana, 2016) samples is necessary for detecting the existence of undesirable components and for assessing the homogeneity, microstructure and crystalline phase. Therefore, the as-grown nanospheres were subjected to EDAX and XPS analyses. The recorded energy-dispersive analysis spectrum [ Fig. 3(a) ] allows us to compute the composition of Sb and Se as 39.95 and 60.05 at.%, respectively, within the instrumental error of AE2%, which is in agreement with the ideal stoichiometry, 2:3 (at.% = 40:60). Peaks due to oxygen were not found around 1 keV, which indicates that the nanospheres are free from oxygen contamination. In the present work, as the nanocrystal formation was kinetically driven by optimizing the supersaturation under high vacuum in the absence of extraneous raw materials and gaseous catalytic agents, the right chemical proportion of antimony and selenium was obtained, devoid of other elements. Wang et al. (2011) found an Sb:Se atomic ratio of 37.2:62.8 in Sb 2 Se 3 nanoproducts, where a lack of stoichiometric composition exists owing to the synergetic effects of process parameters such as temperature, heating mode and precursor concentration. The reported results show that there is a good control of composition in the PVD-grown nanospheres, which were developed without any complicated chemical reaction or modulation of the precursor concentration. The elemental maps [ Fig. 3(b)-3(c) ] generated from the EDAX profile [ Fig. 3(a) ] further confirm the stoichiometric formation of Sb 2 Se 3 , showing that Sb and Se are evenly distributed in the structure.
The surface chemistry of the PVD-grown Sb 2 Se 3 nanospheres based on composition and valence states was further probed in detail by X-ray photoelectron spectroscopy using monochromatic Al K (1486 eV) excitation. The error in the reported XPS data is AE0.1-0.2 eV. Fig. 3(d) represents the XPS survey spectrum of the nanospheres and the inset shows the ratio of Sb:Se as 39.96:60.04 at.%, which is in accordance with the recorded EDAX data. The binding energies corresponding to the Sb 3d and Se 3d core levels were found to be consistent with that reported in the literature (Wang et al., 2011; Liu et al., 2014) . Fig. 3( f) shows the magnified spectrum of antimony selenide in the vicinity of Sb. Doublet peaks from Se 3d 5/2 and Se 3d 3/2 subshells emerged, due to spin-orbit coupling, as displayed in Fig. 3(g) . The binding energy values are given in Table 2 and are comparable to those reported by Mehta et al. (2010) . Wang et al. (2011) reported the presence of oxygen 'O' 1s, corresponding to the binding energy 529.2 eV, in Sb 2 Se 3 nanowires prepared by a gas-induced reduction route. Liu et al. (2014) detected the presence of an Sb 2 O peak in an Sb 2 Se 3 thin-film surface fabricated by employing the thermal evaporation method. The authors etched the samples with Ar + ions for 600 s ($10 nm thickness) to remove traces of oxygen but failed to detect pure Se from the measurement. Wang et al. (2016) cleaned the electrodes by rinsing with propylene carbonate to remove superficial impurities for XPS analysis, whereas in the present work, care was taken to avoid oxygen contamination by employing a high vacuum without any post treatment, and from XPS, it was possible to detect the presence of antimony and selenium elements in tune with the composition of Sb 2 Se 3 .
X-ray diffraction studies are critical for providing evidence to identify the crystal structure, unit-cell parameters and phase of the grown crystals. The PXRD profile of the physical-vapor-deposited Sb 2 Se 3 nanospheres is depicted in Fig. 4(a) , which confirms orthorhombic symmetry with lattice parameters (a = 11.62, b = 11.79, c = 3.97 Å ) in agreement with the JCPDS 15-0861 data. Diffraction peaks corresponding to any other phases were not found. The characteristics of sharp and strong peaks indicate appreciable crystallinity of the harvested product. The narrow peak width and shape refer to the low lattice distortion of the vapor-grown crystals. Moreover, increments in the intensity of peaks from the planes (130), (230), (211), (221) and (250) were identified, due to the improvement in atomic periodicity over that of ultra-long Sb 2 Se 3 nanostructures chemically synthesized by Yu et al. (2006 antimony selenide samples, devoid of other phases or impurity elements.
Raman spectroscopic analysis is effective for exploring the structural fingerprint of a material, and hence it has been performed on the micro-and nanocrystalline habits. Figs. 4(b) -4(e) are Raman spectra of Sb 2 Se 3 crystals corresponding to their molecular bond vibrations at room temperature under a 532 nm excitation laser source. Yang et al. (2015) examined the quality of Sb 2 (S 1Àx Se x ) 3 materials and observed pyramidal SbSe 3 stretching bands at 216 cm
À1
. The bands centered at 190 and 253 cm À1 indicate strong hetero-polar Sb-Se and weak non-polar Sb-Sb vibrations, respectively, which is the characteristic feature of antimony selenide (Liu et al., 2014) . As the dimension was scaled down from micro-to nanohabits, the intensity as well as broadness of the band at 253 cm (Yang et al., 2015) . Careful observation of the fitted Raman band revealed the presence of a 3 cm À1 Raman shift at the peak of 196 cm À1 in microfibers (unlike nanostructures), due to the strong bond of light Sb-Se vibration. The frequency of vibration at 253 cm À1 was further increased in nanorods, which is evident from Fig. 4(c) . Broadening of the Raman peaks at 190 and 216 cm À1 in nanooctahedra [Fig. 4(d) ] indicates a decrement in crystallinity. In the case of Sb 2 Se 3 nanospheres [ Fig. 4(e) ], a slight enhancement in intensity with a reduction in the broadness of the vibrational peaks at 190 and 216 cm À1 was detected, compared with other habits. This result confirms the improvement in the crystalline nature of the nanospheres. Farfá n et al. (2011) explained the variation of intensity at 253 cm À1 in bulk and 0D Sb 2 Se 3 particles. Multipeak fitting for each vibration indicates the integrated intensities corresponding to the individual bands, while the fitted peak intensities show a negligible change from the parent spectra. Thus, the vibrational peaks of the Raman spectra are consistent with the reported data of Sb 2 Se 3 crystals and also hint at the single-phase nature, elemental homogeneity and crystalline quality as evident from PXRD studies.
UV-vis-NIR and photoluminescence spectra aid in the analysis of the energy gap and nature of transition. The optical absorption data of the as-grown habits were recorded in the wavelength range 200-2000 nm. The absorption coefficient () varies with the incident photon energy (hv) as per the Tauc relation,
where A is a constant and E g is the energy band gap. Plotting (hv) 2 versus (hv) enables us to evaluate the band-gap energy (Fig. 5) . In the present work, the PVD-grown antimony selenide crystals exhibited a direct allowed transition. The energygap values of microfibers, nanorods, nanooctahedra and nanospheres are found to be 1.25, 1.47, 1.51 and 1.75 eV, respectively (Fig. 5) . But the optical absorption experiments conducted by Yu et al. (2006) showed a lesser band gap (1.15 eV) for the Sb 2 Se 3 samples prepared by a chemical route. Chang et al. (2007) computed the energy gap of antimony selenide nanoforms grown by a solvothermal process as 1.49 eV. Vadapoo et al. (2011) reviewed the values of the band gap (1.13-1.49 eV) for Sb 2 Se 3 nanostructures grown by various chemical methods. Table 3 lists the extrapolated energy-gap values of as-grown Sb 2 Se 3 micro-and nanoforms, which are found to be larger than those measured by other researchers using samples prepared by microwave-activated solvothermal reactions, the vapor-liquid-solid technique and the hydrothermal synthesis process (Mehta et al., 2010; Yang et al., 2015; Yu et al., 2006; Chang et al., 2007) . In the case of the former, the increase in band gap is attributed to good crystallinity, improved stoichiometry, a large surface-to-volume ratio and quantum The PL spectrum is an indispensable surface-sensitive tool for investigating the emission-band structure, the presence of defects and the optical parameters of a semiconductor. However, the band gap of PVD-grown Sb 2 Se 3 nanospheres was not elucidated by earlier researchers. Fig. 5(c) shows the photoluminescence spectrum of Sb 2 Se 3 nanospheres, which was recorded at room temperature by subjecting them to an excitation wavelength of 700 nm. The emission spectrum shows a sharp and intense peak at 725.18 nm. Predominantly, the near-band-gap luminescence exhibits a donor-bound excitation transition, a free excitation transition and a donorto-valence-band transition. PL studies of hydrothermally grown antimony selenide nanostructures were carried out by Ota & Srivastava (2010) and a band gap equal to 1.71 eV was reported. These samples lacked crystallinity, and the presence of impurity elements such as oxygen and carbon was evident from their EDAX spectrum. But the vapor-deposited Sb 2 Se 3 samples are crystalline, stoichiometric and devoid of any foreign elements and hence exhibited good optical characteristics in agreement with UV-vis-NIR data.
Conclusion
In conclusion, the vapor growth of antimony selenide crystalline habits (microfibers, nanorods, nanooctahedra and nanospheres) in an in-house-fabricated dual-zone furnace by optimizing the supersaturation under high vacuum, without the use of any transporting agents, is reported for the first time. The diverse micro-and nanoforms were produced by stabilizing the temperature difference between the hot and cold zones, ÁT = 130-60 K, with the aid of a programmable temperature-control mechanism. Electron microscopy (SEM and HRTEM) characterizations revealed a layer-growth mechanism based on the KSV model. The chemical homogeneity, quality and crystalline nature of the PVD-grown nanospheres were confirmed by EDAX, XPS, Raman and PXRD analyses. Among the various habits, the energy gap estimated by UV-vis-NIR analysis is highest for the nanospheres (1.75 eV), probably because of quantum confinement. Furthermore, the photoluminescence data corroborate the optical characterization recorded by UV-vis-NIR spectroscopy. Overall, our findings pave the way for the improvement of the characteristics of the physical-vapor-deposited samples compared with those prepared by chemical-synthesis routes. Thus this experimental research work opens the door for exploring the performance of nanostructures towards photovoltaic applications.
